Abstract Response surface methodology was used to optimize processing variable for ultrasound-assisted modification of whey protein. The process was optimized employing Box-Behnken Design with three independent variables i.e. amplitude (20-40%), time (10-20 min) and concentration (10-15%). A second order model was employed to generate response surfaces. Experimental results revealed that analyzed model solutions exhibited the significant influence on various responses signified that the applied statistical model fitted well. The optimized independent variables were found to be 19.77 min time, 20.02% amplitude and 12.78% concentration of feed. The modified whey protein had the solubility, 78.52%; heat stability, 1076.19 s; water solubility index, 92.30%; water holding capacity, 0.469; oil absorption capacity, 1.709; foaming capacity 92.27; foam stability, 27.71 and firmness, 1692.09 g. Analytical response revealed that solubility of modified whey protein exhibited significant positive correlation with water solubility index, emulsion stability index and firmness.
Introduction
Whey protein is a group of milk protein, secluded from whey (well-known by-product of dairy industry), having globular conformations and is well recognized for its nutritional, functional and therapeutic properties (Pihlanto and Korhonen 2003) . It has a wide range of functional applications in pharmaceutical and food industries, predominantly owing to its surface properties, amphiphilic nature and molecular conformations, and abilities to form gel, foam and emulsion (Kinsella et al. 1994; Zayas 1997a, b) . Moreover, interactions of protein with fat, carbohydrate and protein at the interface also lead to various functional properties. Whey protein also provides an excellent substrate of choice, for combating the protein deficiency, as a promising functional food ingredient. However, technological challenges like heat sensitivity and reduced solubility jeopardise functional properties of whey protein like water binding, foaming, gelation and emulsification, limiting its potential application in food industry with sustained health benefits. Additionally, lack of textural and sensory properties and increased hardness over time in high protein products adds to challenges of its utilization. Therefore, food scientists and concerned industry consider it immense area of interest and investigating novel methodologies for modification and improvement of the functional properties of whey proteins for more practical applications. Additionally, increasing consumers demand and awareness for high quality food also put pressure on academia and industry for the development of new, safe and effective methods of food processing and preservation.
In recent years, ultrasound has been evaluated to tailor the functional properties of food molecules and are generally considered as safe, non toxic, and environment friendly technique (Jambrak et al. 2008 (Jambrak et al. , 2009 (Jambrak et al. , 2010 (Jambrak et al. , 2014 Kentish and Ashokkumar 2011; Arzeni et al. 2012; O'Sullivan et al. 2014; Gani et al. 2016; Ren et al. 2016; Zou et al. 2017 , Singh et al. 2017 , Tavares et al. 2017 . The principle for tailoring molecules involves cavitation, heating, dynamic agitation, shear stress and turbulence. It is produced by enhanced localized pressure (up to 50 MPa) and elevated temperature (up to 5000°C) along with high shear forces and turbulence, occurring in very short periods of time (O'Donnell et al. 2010; Soria and Villamiel 2010) .
Response surface methodology (RSM) is a good statistical and mathematical tool for optimization of product and processing parameters in food and dairy industry. It also helps academia and industry for designing the model and for analyzing the interaction of independent and dependent variables. Several researchers have used RSM to forecast optimum conditions (Pires and da Silva Pena 2017; Shirzad et al. 2017; Thakur et al. 2017; Wagh and Chatli 2017) but, to the best of author's knowledge the process optimization for ultrasound assisted modification of whey protein using RSM has not been so much explored. Thus, present study was carried out for optimization of processing time, amplitude and concentration for ultrasound assisted modification of whey protein and to evaluate the effect of ultrasonication on functional properties of whey protein.
Materials and methods

Raw materials
Whey protein concentrate (WPC-80 from Fontera, New Zealand) was supplied by Sindhwani Traders India, New Delhi. All chemicals were of analytical grade and purchased from Sisco Research Laboratories Pvt. Ltd. (SRL), Maharashtra, India. Millipore (Milli-Q) water was used for sample preparation and further analysis.
Preparation of whey protein dispersion
The whey protein concentrate (WPC) dispersion was prepared in luke warm Milli-Q water. The dispersion was properly dispersed with glass rod with gentle stirring. After the mixture was thoroughly hydrated, the dispersion was allowed to stand at room temperature for 30 min. Just before ultrasound treatment, the dispersion was treated with T 25 digital ultra turrax (IKA India Private Limited, Kengeri, Bengaluru, Karnataka, India) for 5 min at medium velocity (5000 rpm) in chilled water bath to control the temperature of the dispersion. Ultrasonication WPC dispersions were sonicated for desired time using Sonics ultrasonic processor (Sonics: model VCX 750, Vibra Cell Sonics, Sonics & Materials Inc, USA) at a frequency of 20 kHz and at variable amplitudes of 20-40%, as per the designed model. A 13 mm (1/2 inch) high-grade titanium alloy probe was used to sonicate 200 ml of solution. Samples contained into glass beaker were immersed into ice water bath to kept temperature below 29°C during processing. Ultrasonicated whey protein dispersion were spray dried after processing without further storage.
Spray drying
Sonicated whey protein solution was then spray dried to get 4-5% moisture in dried product using a mini spray dryer B-290 (BUCHI India Pvt Ltd., Mumbai, India) having 0.6 kg/h feed rate and 1 kg/h water evaporation capacity. The inlet and outlet air temperature was kept 185 ± 2°C and 85 ± 2°C, respectively, for spray drying process. Dried modified whey protein concentrate (m-WPC) was stored at -20°C for further analysis.
Analytical methods
The solubility of m-WPC samples were analyzed as per the method described by Jambrak et al. (2008) . Heat stability mentioned as heat coagulation time (HCT) of m-WPC was analyzed as per the procedure described by Khatkar et al. (2014) using oil bath (MW-276 TAF, Macro Scientific Works Pvt. Ltd., Delhi, India). Water holding capacity (WHC) and water solubility index (WSI) of m-WPC were determined as described by Beuchat (1977) . Oil holding capacity (OHC) of m-WPC was measured as volume of edible oil held by 1000 mg of WPC as described by Haque and Mozaffar (1992) . Emulsion stability index (ESI) of m-WPC were determined according to the method of Tang et al. (2005) . Foaming capacity (FC) and foaming stability (FS) were determined according to the method of Coffmann and Garcia (1977) .
For the estimation of firmness of heat set gel of m-WPC, the gel was prepared using a method described by Onwulata and Tomasula (2004) and firmness (g) was measured using texture analyzer (TA-XT2 plus, Stable Micro Systems Ltd., Surrey UK) at room temperature. The gel (2.8 cm in height and 4 cm in diameters) was carefully removed from the glass beaker and compressed (to 50% strain) by SMS P/75 probe with the crosshead speed of 1 mm/s. The obtained force-time curves were analyzed by the software supplied with instrument.
Experimental design
RSM was used to optimize the processing parameters for ultrasound-assisted modification of WPC and to examine the effect and correlation of the independent variables on dependent responses. The Box-Behnken design by applying quadratic model with three independent variables i.e. processing time (X 1 : 10-20 min), amplitude (X 2 : 20-40%) and concentration of solution (X 3 : 10-15%) was employed. The solubility, heat stability, water solubility index, water holding capacity, oil holding capacity, emulsion stability index, foaming capacity, foam stability and firmness were the dependent variables/responses.
Numerical optimization of process and statistical analysis
In order to obtain narrower and more effective lower and upper limits of independent variables, preliminary trials were conducted. The experimental data obtained for different responses were evaluated using Design Expert Software and significance of model, lack-of fit, coefficient of determination (R2 and R2 adj) and residual analysis were also evaluated. Second order quadratic polynomial equation (Eq. 1) was fitted to experimental data of all responses for final prediction.
where b 0 is a constant coefficient and b 1 , b 2 , b 3 ; b 12 , b 13 , b 23 and b 11 , b 22 , b 33 are the regression coefficient at linear, interaction and quadratic levels, respectively. X 1 , X 2 , X 3 , were the independent variables and Y was the dependent response. For every response, a polynomial equation was obtained and the variables significant at P \ 0.01 and P \ 0.05 levels were considered for the construction of final model. The variables effect on individual response was also described at linear, interactive and quadratic level. Analysis of variance (ANOVA) was used to examine the statistical significance of the terms in regression equation for each response. SPSS 20 (SPPSS Inc. Chicago, IL, USA) was used to obtain the Pearson's correlation matrix of responses in order to examine correlation coefficients between parameters.
Results and discussion
Model fitting and validation
The outline of Box-Behnken design with variables in uncoded forms and mean response values of all the functional properties are presented in Table 1 . It was observed that during model evaluation there were no aliases found for Quadratic Model. For model evaluation, degree of freedom were 9 for model, 7 for residuals, 3 for lack of fit, 4 for pure error and 16 Corr Total. The degree of freedom for evaluation of lack of fit is recommended minimum 3 and 4 for pure error and in our selected model, values are much relevant to the recommended values signified that this ensures a valid lack of fit test because fewer df leads to a test that may not detect lack of fit. After evaluation of signal/noise ratio, it was observed that the values for standard errors were found similar within type of coefficient (for A, B, C-0.35; for AB, AC, BC-0.40 and for AA, BB, CC-0.49) and even less than or equal to 0.50 meant that the selected model is better. Similarly, values for VIF (variance inflation) was one or very close to one (1.01), which depicted that selection was excellent, and also indicating that coefficients were affluently estimated due to nil multicollinearity. Additionally, the value for Ri-squared was 0.0 for each coefficient and fall under ideal conditions, because high Ri-squared means terms are correlated with each other, possibly leading to poor models. Furthermore, the model was also evaluated using precision-based metrics via fraction of design space (FDS) statistics and it was observed that FDS score was greater than recommended score (at least 0.8 or 80%) meant that the selected model was good for exploration and optimization. The FDS score for applied model was observed 100% (meant Score 1), which is highly desirable for stability and robustness testing such as demonstrating the design space for quality by design work.
For final mathematical confirmation of design' fitting and validation, the leverage; condition number of coefficient matrix; maximum variance mean; average variance mean; minimum variance mean; G efficiency; Scaled D-optimality criterion; the determinant of (X'X) -1 ; trace of (X'X) -1 and I cuboidal of the experimental design were also calculated and observed to be 0.5882; 1.176; 1.363; 0.342; 0.191; 43.2%; 2.939; 2.384E-8; 2.038 and 0.34250, respectively. All the observed values were found to be within excellent zone, hence confirmed the fitting and validation of design.
The predictive regression models designed for independent (X) and dependent (Y) variables in terms of functional properties of m-WPC are presented in Eqs. 2-10. 
Heat Stability ¼ þ 44:00 þ 7:80 Ã Time À 33:76010
Water Solubility Index ¼ þ93:
Water Holding Capacity ¼ þ1:488 þ 0:0186 Ã Time À 0:0197 Ã Amplitude À 0:13479
Oil Holding Capacity ¼ À1:
Emulsion Stability Index ¼ þ79:87 þ 12:37 Ã Time 
Coefficient of equation and the results of ANOVA performed on the models to assess the significance at linear, interaction and quadratic level of the independent variables on dependent responses are given in Tables 2. The ''Model F-value'' of all the responses implies that the model is highly significant (P \ 0.01) and the ''Lack of Fit F-value'' of responses implies that the lack of fit is not significant relative to the pure error, which is desirable ( Table 2 ). The ''Pred R-Squared'' of responses are in reasonable agreement with the ''Adj R-Squared''. On the basis of analysis of variance, the conclusion is that the selected model can be used to navigate the design space.
Solubility
Solubility of a food protein is the most prominant functional property that directly related to protein denaturation and aggregation and thus, an excellent key for improved protein functionality (Arzeni et al. 2012) . The solubility of m-WPC varied between 71.79 to 79.35% (Table 1 ). In this case C, BC, A 2 , B 2 , C 2 are significant model terms. The interaction of amplitude with concentration showed highly significant (P \ 0.01) positive effect on the solubility of m-WPC and their response surface curve (Fig. 1a) also exhibited that increasing level of both these variables resulted in increasing of solubility score. Time, amplitude and concentration at quadratic level had highly significant (P \ 0.01) positive correlation with solubility of m-WPC signified that by either increasing or decreasing their levels, the solubility of m-WPC increased. The linear levels of concentration had a significant (P \ 0.05) negative correlation with solubility (Table 2) , thus decreased the solubility of m-WPC as concentration level was increased (Fig. 1a) . The ultrasonic treatment improves protein solubility by modifying protein confirmation and structure so that hidden hydrophillic portions of amino acids are exposed toward water (Jambrak et al. 2009 ). It could be due to massive amount of cavitation bubbles which resulted in higher localized pressure and temperature that ultimately decreased the particle size and molecular weight of protein (Tang et al. 2009 ). Overall, this increases the interaction of protein to water which improves solubility of protein (Arzeni et al. 2012; Hu et al. 2013) . Jambrak et al. (2009) and Arzeni et al. (2012) obtained similar results for solubility of WPC and soy protein concentrate, respectively, and observed that ultrasonication using 20 kHz probe resulted in the largest increase in protein solubility (P \ 0.01) of whey and soy protein model system.
Heat stability
The heat stability of m-WPC varied between 910 to 1146 s (Table 1) . In this case A, B, C, AB, AC, BC, A 2 , B 2 , C 2 are significant (P \ 0.01) model terms ( Table 2 ). The partial coefficient of regression model exhibited that the linear levels of time, amplitude and concentration had a highly significant (P \ 0.01) positive correlation with heat stability (Table 2 ) of m-WPC and increased the heat stability of m-WPC as their level was increased. The quadratic effect of amplitude had highly significant (P \ 0.01) positive correlation signified that by either increasing or decreasing the stage of amplitude, the heat stability of m-WPC increased ( Table 2) . The interaction of time with amplitude (Table 2 ) and time with concentration (Fig. 1b) exhibited highly significant (P \ 0.01) positive effect on the heat stability of m-WPC depicted that with increasing levels of these variables, the heat stability improved. On the other side, the interaction of amplitude with concentration imparted highly significant (P \ 0.01) negative correlation signified that increasing level of both these variables resulted in lowering of heat stability. At quadratic level, the time and concentration affected highly significant (P \ 0.01) the heat stability of WPC, but the negative sign revealed that a low or high level of time and concentration decreased the heat stability of m-WPC (Table 2 ). Ultrasound treated protein mostly do not have active site like free thiol groups to propagate aggregation, consequently it delay heat coagulation. On the other hand, localized elevated pressure also has disruptive action on intermolecular hydrophobic and electrostatics bonding and ultimately proceeds to realignment of intra as well as inter molecular bonds within the modified protein (Bouaouina et al. 2006) . Therefore, ultrasonication may have directly or indirectly decreased the availability of reactive sites, those responsible for enhanced coagulations, and consequently increasing the heat stability.
Water solubility index (WSI)
The WSI of m-WPC varied between 89.97 to 92.3 (Table 1 ). In this case A, B, C, AB, AC, BC, A 2 , B 2 , C 2 are significant model terms ( Table 2 ). The partial coefficient of regression model exhibited that the linear levels of time and concentration; the quadratic effect of time and amplitude; and the interaction of time with concentration had highly significant (P \ 0.01) positive correlation with WSI (Table 2) signified that by either increasing or decreasing their levels, the WSI of m-WPC increased. On other side, linear coefficient of amplitude; quadratic terms of concentration; and the interaction of time with amplitude (Fig. 1c) , and amplitude with concentration (Table 2) exhibited highly significant (P \ 0.01) negative effect on the WSI of m-WPC, signified that by increasing the level of these variables, WSI decreased.
Water holding capacity (WHC)
The WHC of m-WPC varied between 0.449 to 0.575 (Table 1) . In this case A, B, C, AB, AC, A 2 , B 2 , C 2 are significant model terms ( Table 2) . The model pointed out that the concentration exerted the highly significant positive effect (P \ 0.01) on WHC of m-WPC at the linear level ( Table 2 ). The quadratic effect of amplitude and concentration; and interaction of time with amplitude had highly significant (P \ 0.01) positive correlation with WHC of m-WPC signified that by either increasing or decreasing their levels, the WHC of m-WPC increased. The interaction of time and concentration showed highly significant (P \ 0.01) negative effect on WHC of m-WPC. The response surface curve (Fig. 1d ) revealed that by increasing the level of these variables, the WHC of m-WPC decreased. The linear coefficient of time and amplitude; and time alone at quadratic level had highly significant (P \ 0.01) negative correlation with WHC of m-WPC (Table 2) . Riener et al. (2009) also stated that sonication increased the WHC almost twice in yoghurt model.
Oil holding capacity (OHC)
The OHC of m-WPC varied between 1.49 to 1.76 (Table 1) . In this case A, B, C, AB, AC, BC, A 2 , B 2 , C 2 are significant model terms ( Table 2 ). The partial coefficient of regression model exhibited that at linear levels, the time had significant (P \ 0.05) positive effect on OHC of m-WPC (Table 2 , Fig. 1e ) and increased the OHC of m-WPC as their level was increased, while the linear coefficient of amplitude and concentration had highly significant (P \ 0.01) negative correlation with OHC of m-WPC. The quadratic response of time, amplitude and concentration affected the OHC of m-WPC significantly at higher level (P \ 0.01) with negative response signified that with increasing and decreasing these variables, the OHC of m-WPC decreased. The interaction of all the variables exhibited highly significant (P \ 0.01) negative effect on OHC of m-WPC (Table 2) . Similar results for OHC of m-WPC was also reported by Liu et al. (2012) .
Emulsion stability index (ESI)
The ESI of m-WPC varied between 14.85 to 66.50 (Table 1) . In this case A, B, C, AB, AC, BC, A 2 , B 2 , C 2 are significant model terms ( Table 2 ). The partial coefficient of regression model signified that the amplitude and concentration imparted the most significant (P \ 0.01) positive effect on ESI of m-WPC at the linear level (Table 2) , while the linear effect of time exhibited significant (P \ 0.01) negative response. The highly significant (P \ 0.01) positive interaction behaviour of amplitude with time, and amplitude with concentration ( Fig. 1f) signified that the increasing level of these variables resulted in increasing of ESI of m-WPC. While, the interaction of time with concentration imparted highly significant (P \ 0.01) negative effect and overall decreased the ESI of m-WPC with increasing their levels. The quadratic effect of time and concentration also had highly significant (P \ 0.01) positive correlation with ESI of m-WPC but, the quadratic effect of amplitude influenced highly significant (P \ 0.01) the ESI of m-WPC with negative response (Table 2 ) meant that the low or high level of amplitude decreased the ESI of m-WPC. Ultrasonication increased emulsion properties by scattering of micro-aggregates and exposing concealed hydrophobic groups, thus making them available towards oil medium. Furthermore, the soluble aggregates generated by ultrasonication are likely to be adsorbed with greater potential at the oil-water interface and results in better adsorption capability of modified protein. Finally, it could be justified by improved proteins orientation due to turbulent behaviour and incorporation of oil bubbles in oil and modified protein emulsion (Jambrak et al. 2009 ).
Foaming capacity (FC)
FC of m-WPC varied between 84 to 116 (Table 1) . In this case A, B, AC, BC, A 2 , B 2 , C 2 are significant model terms ( Table 2 ). The partial coefficient of regression model signified that time and amplitude at linear levels had a highly significant (P \ 0.01) positive effect on FC of m-WPC (Table 2 ). The quadratic effect of concentration had significant (P \ 0.05) positive correlation with FC of m-WPC, while time and amplitude at quadratic level exhibited negative response significantly (P \ 0.01) for FC of m-WPC, meant that time and amplitude at low or high level, decreased the FC of m-WPC (Table 2 ). The interaction of amplitude and concentration also exhibited significant (P \ 0.05) positive effect on FC of m-WPC (Table 2) signified that increasing level of these variables resulted in higher FC but, the interaction of time and concentration showed highly significant (P \ 0.01) negative effect on FC of m-WPC.
Foaming stability (FS)
The FS of m-WPC varied between 10 to 40 (Table 1) . In this case A, C, AB, AC, A 2 , B 2 , C 2 are significant model terms ( Table 2 ). The partial coefficient of regression model signified that time and concentration (P \ 0.01) at linear levels had a significant positive effect on FS of m-WPC. The interaction of time and concentration also showed highly significant (P \ 0.01) positive effect on FS of m-WPC, while the interaction of time and amplitude (Fig. 1g ) exhibited highly significant (P \ 0.01) negative effect on FS of m-WPC. The quadratic response of concentration had significant (P \ 0.05) positive correlation with FS but, the quadratic response of time and amplitude affected the FS of m-WPC significantly at higher level (P \ 0.01), but with negative response.
Earlier, Jambrak et al. (2008) also reported that ultrasound treatment for 15 min improved significantly the foaming capacity and stability. The increase in foaming properties might be supported by the fact that ultrasonication imparted microparticulation of whey protein and intensive mechanical homogenization, which usually scatters the protein and fat particles more consistently and ultimately increase the foaming property. Additionally, unfolding in structure of whey protein and exposure of more hydrophilic bonds to water, which enhances adsorption on interface of air/water also tended to increase the foaming properties (Turgeon et al. 1992) . Schmidt et al. (1984) also reported that the concentration of protein dispersion is also responsible for the foaming abilities of WPC.
Firmness
The firmness of m-WPC varied between 1451 to 1719 (Table 1) . In this case A, B, C, AB, A 2 , B 2 , C 2 are significant model terms ( Table 2 ). The partial coefficient of regression model indicated that the linear coefficient of time and concentration, and the quadratic response of time, amplitude and concentration exerted the most significant positive effect (P \ 0.01) on the firmness of m-WPC (Table 2) signified that by either increasing or decreasing their levels, the firmness of m-WPC increased. The interaction of time with amplitude showed highly significant (P \ 0.01) positive effect on the firmness of m-WPC and their response surface curve (Fig. 1h) revealed that by increasing the levels of these variables, the firmness score increased. The linear coefficient of amplitude had highly significant (P \ 0.01) negative correlation with firmness score signified that by increasing the level of amplitude alone, the firmness score of m-WPC decreased (Fig. 1h) . The similar results and direct correlation of time and concentration of solution on gel strength of sonicated WPC was also reported by Zisu et al. (2011) . The improved gelling abilities of m-WPC are believed to be correlated with enhanced solubility as compared to direct manipulation of disulphide interactions (Zisu et al. 2011) . The sonication resulted in increased firmness or gel strength with enhanced water holding properties.
Numerical process optimization
The selected responses, which were well fitted based on model adequacy and significance, were optimized. The independent variable's levels were optimized for an individual dependent response along with their combined responses to obtain realistic optimum levels. For synchronized numerical optimization of independent and dependent variables, the independent variables time, amplitude and concentration and the dependent variables solubility, heat stability, WSI, WHC, OHC, FC, FS and firmness score were all set within range with setting goal importance of 3, which indicated that the each variable is considered equally important. The optimum independent variables were found to be 19.77 min process time, 20.02% amplitude and 12.78% concentration of feed which produced m-WPC with 78.52% solubility, 1076.19 s heat stability, 92.30 WSI, 0.469 WHC, 1.709 OHC, 92.27 FC, 27.71 FS and 1692.09 g firmness, with a desirability level of 1. These results signified that optimum values could be obtained in the ultrasound treatment of WPC that can satisfy the requirements of ultrasound assisted modification of whey protein with improved functional properties.
Correlation between the responses
Statistical analysis revealed that the solubility exhibited significant (P \ 0.05) positive correlation with water solubility index and emulsion stability index, which is a direct indication of improved functional properties of m-WPC. Water solubility index was negatively correlated with water holding capacity (P \ 0.05). Oil absorption capacity imparted significant (P \ 0.05) negative correlation with solubility, heat stability, WHC and firmness. Firmness exhibited highly significant (P \ 0.01) positive correlation with solubility, WSI, WHC and ESI, while firmness exhibited highly significant (P \ 0.01) negative correlation with FS. FC exhibited highly significant (P \ 0.01) positive correlation with ESI and FS, while exhibited significant (P \ 0.05) negative correlation with solubility, WSI, WHC and firmness. FS showed significant (P \ 0.01) positive correlation with WHC, while exhibited significant (P \ 0.01) negative correlation with solubility (Table 3) .
Future recommendations
It is expected that m-WPC with enhanced functional properties can exhibit wide range of food applications like for heat processed foods, beverages (heat stability); high protein foods, protein isolates and concentrate (solubility); baked goods, certain confectionaries, soufflés (foaming ability); mayonnaise, salad/cream dressing, sauces, custards, puddings, ice creams (emulsification); and cakes, creams, confectionary and sauces (gelation). For optimum results, few preventative measures that need to be considered carefully when applying ultrasound is to control temperature during process because, whey protein is highly sensitive to temperature and to select appropriate processing conditions that can impart desired structural and functional modifications. 
